6 7 ABSTRACT 11 Outlier scans, in which the genome is scanned for signatures of selection, have become a prominent 12 tool in studies of local adaptation, and more recently studies of genetic convergence in natural 13 populations. However, these methods have the potential to be confounded by features of 14 demographic history, which are considerably variable across natural populations. In this study, we 15 use forward-simulations to investigate and illustrate how several measures of genetic differentiation 16 commonly used in outlier scans (FST, DXY and Δπ) are influenced by demographic variation across 17 multiple sampling time points. In a factorial design with 32 treatments, we manipulate the strength 18 of bottlenecks (N of founding individuals), contractions (proportional size of diverging population) 19 and migration rate between an ancestral phenotype population and a diverging phenotype 20 population. Our results illustrate known constraints of individual measures associated with strong 21 contractions and a lack of gene-flow, but notably we demonstrate how relationships between 22 measures are similarly dependent on demography. We find that false-positive signals of convergent 23 evolution (the same simulated genes marked as outliers in independent treatments) are attainable 24 as a product of similar demographic treatment, and that convergent outliers across different 25 measures (particularly FST and DXY) are achievable with little influence of selection. The data 26 presented act as an illustrative guide of how underappreciated yet quantifiable measures of 27 demographic history influence commonly employed methods for detecting selection.
INTRODUCTION 30
The advent of modern sequencing technologies has facilitated big-data studies of adaptation and 31 evolution across the genome. These studies often centre around quantifying patterns of variation in 32 genome-wide SNPs, which can be used to highlight regions or genes having experienced selection 33 2 2 relative to the neutral backdrop of the rest of the genome. These analyses, which we refer to here as 34 outlier scans, have become a common tool in population genetics and have seen great success 35 across diverse, natural systems in identifying candidate genes associated with the evolution of a 36 range of adaptive traits (reviewed recently by (1)). In addition, the method of overlapping outlier 37 scans across independent lineages has been employed extensively in recent studies seeking to test 38 whether the same regions are involved in independent adaptation events (genetic convergent 39 evolution) across diverse taxa including birds (2), fish (3-8), insects (9,10), mammals (11), molluscs 40 (12, 13) and plants (14, 15) . 
51
A major concern arises therefore when applying outlier scans to studies of natural populations, given 52 the role of often unknown demographic parameters in influencing both BGS and neutral evolution.
53
For example, the efficacy of selection is dependent on the effective population size (Ne) (21-24), 54 such that the effects of neutral processes and BGS should be more pronounced in smaller 55 populations; as has been demonstrated in humans (25) and Drosophila (26,27). Additionally, 56 evidence suggests the effects of BGS are strongest when the interaction between Ne and selection is 57 intermediate (28) . Meanwhile, population sub-division and migration rates influence global 58 population variance, which has implications for elevating measures of genetic differentiation (29, 30) 59 as sub-populations experience the effects of reduced Ne and increased linkage as discussed above. In 60 an attempt to mitigate the confounding effects of these processes, some studies advocate the 61 corroboration of multiple measures of population differentiation and divergence (19,31). 
76
Whilst broadly similar to FST, changes in π (Δπ) do not discriminate between which copy of a 77 polymorphism is fixed, such that a substitution between populations is equivalent to a shared non-78 polymorphic site. Δπ outliers therefore represent regions of the genome with abnormally reduced π 79 in either population relative to the rest of the genome. As a measure of absolute genetic divergence, 80 DXY (35) does not consider the relative frequencies of polymorphisms within populations (19,31). DXY 81 can be approximated as the likelihood of drawing the same allele from two populations, quantified 82 as the average number of pairwise differences between sequence comparisons between two 83 populations. This measure is therefore influenced by ancestral π and the substitution rate, so 84 outliers highlight regions that are highly variable in the ancestral population (large ancestral π) or 85 exhibit many substitutions and thus increased sequence divergence.
87
Because each measure of differentiation quantifies genetic variation between populations in a 88 slightly different way, each varies in a unique way with demographic variation. Whilst (6, 14, 38) . Whilst this strategy has had some success in identifying adaptive 102 convergent loci, the differential effects of contrasting demographic histories in independent 103 evolution events, and the subsequent effects on measures of population divergence, have rarely 104 been considered in how they affect our ability to detect convergent genetic evolution.
106
We sought to address these concerns by using forward-simulations to investigate the effects of 107 different demographic histories on the relationships between measures of divergence with 108 selection. Whilst we focus on the commonly employed method of examining genome-wide SNP 109 variation between ancestral and derived populations, we should note that other methods are 110 employed in the literature (e.g. replicated clines, phylogenomics, single population measures e.g.
111
Tajima's D). We also investigated how demography influenced the overlap of outliers when each 112 demographic treatment represents an independent evolutionary replicate, as is the case in studies 113 of convergent genetic evolution. We varied demography through manipulating the number of 114 founding individuals (bottlenecks), the population size of the derived population (contractions) and 115 the presence/absence of migration. We simulated the effects of selection on realistic genes 116 designed from features taken from the guppy genome assembly, a prominent model system for 117 studies of convergent evolution (6,39). Moreover, we measured genetic divergence at four set time In total, ~1,000 genes were simulated across 32 demographic treatments across three mutation 220 rates. In addition, a fourth set of simulations were performed in which the phenotypic optimum for 221 both populations was kept at 0 (PhenoNull). This dataset was used to assess whether patterns 222 associated with selection were driven by phenotypic divergence or variable stabilising selection 223 within populations. Sets of genes were generated randomly for each mutation rate. Outliers for gene 224 sets were taken as upper quantiles (either the upper 1% or 5% depending on analysis, see below). 
Demography moderates the association between measures of divergence and selection 272
To assess the effect of demographic treatments on correlations with S1/σ, we subsetted our data 
297
PhenoNull simulations resulted in weaker correlations with S1/σ for FST, whilst DXY became negatively 298 correlated with S1/σ over time ( Figure S6B ) rather than positively correlated. Δπ became more 299 positively correlated with S1/σ over time for all demographic treatments ( Figure S6C To assess the convergence of outliers across demographic treatments, we downsampled the dataset 496 such that we retained a random 10% of S1/σ = 10 and a random 50% of S1/σ = 2 genes per iteration.
497
This step was taken to try to reduce the proportions of genes under the strongest selection 498 treatment within the dataset from their initial ~20% proportions to a more realistic ~2% and ~10% Because migration was the dominant factor in clustering of treatments with convergent overlaps, we 536 sought to investigate what features of simulated genes drove variance in measures of divergence 537 with treatments separated by migration factor using a Random Forest approach (Figure 10 ). For FST, 538 we observe that the best predictor of variance in the absence of migration is diversity (π) of the 539 diverging population whilst treatments with migration are most strongly influenced by S1/σ. This is 540 consistent with the notion of FST relying on within-population genetic variance in the absence of 541 efficient selection. In contrast, DXY in the absence of migration is most strongly driven by gene 542 features, predominantly the proportion of simulated gene that is coding and by the length of the 543 simulated gene. With migration, DXY variance is driven by selection and diverging π. Unsurprisingly,
544
Δπ is also strongly influenced by diverging π (the denominator in its calculation), but we can see a 545 secondary role for selection in treatments with migration and little influence of gene features.
547
Removing divergent selection (PhenoNull) did not modify the relative importance of any features of 548 simulations for FST, but did affect DXY and Δπ ( Figure S44 ). With migration, the relative importance 549 for diverging population π in explaining DXY variance increased substantially. For Δπ, selection was as 550 important as diverging population π in explaining variance. 
